In erectile dysfunction (ED) research, monocultures of cavernous endothelial cells (CECs) and smooth muscle cells (CSMCs) have been reported, but a CEC-CSMC coculture system is still lacking. In the present study, we wished to investigate the feasibility of setting up such a system and test whether it can be used for diabetic ED research. Cavernous tissues were obtained from patients undergoing surgery for penile prosthesis. CSMCs were isolated by explant culture and verified by calponin staining. CECs were isolated by binding to CD31 antibody, followed by magnetic capture. These CECs were nearly 100% pure endothelial cells as determined by flow cytometric analysis for endothelial markers CD31, vWF and eNOS. Functional analyses, that is, low-density lipoprotein (LDL) uptake and capillary tube formation, also confirmed their endothelial phenotype. When cocultured with CSMCs, CECs formed capillary-like structures, and based on the extent of this capillary-like network, it was determined that a ratio of 1:4 in cell number between CECs and CSMCs was better than ratios of 1:1 and 1:9. It was also found that direct contact between CECs and CSMCs was necessary and a coculture period of 3 weeks was optimal. Autologous CSMCs were better than allogeneic CSMCs, and fibroblasts were completely incompetent. When treated with high glucose (25 mM), the CEC-CSMC coculture expressed significantly lower level of CD31 but significantly higher level of collagen-IV (Col-IV), and the diameter of the capillaries increased significantly, when compared with normal glucose (5 mM)-treated cocultures. These data are consistent with previously observed changes in the cavernous tissues of diabetic patients and thus suggest that the coculture system could be utilized for diabetic ED research.
INTRODUCTION
The penile corpora cavernosa are composed of sinusoids that are lined with a monolayer endothelium and a multilayer smooth muscle. 1 The structural proximity between the endothelium and smooth muscle permits rapid inter-tissue communications that are critical for the maintenance of both the flaccid and the erected states of the penis. To maintain flaccidity, the endothelium releases prostaglandin F2a and endothelin that cause smooth muscle contraction. 2, 3 To maintain erection, which is initiated by nitric oxide released from cavernous nerves, the endothelium provides additional nitric oxide that causes sustained smooth muscle relaxation. 4 While endothelium-to-smooth muscle signaling is well documented, the converse pathway, that is, signaling from smooth muscle to endothelium, is much less understood. In blood vessels, agonist-induced smooth muscle contraction is associated with an increase in endothelial cell (EC) calcium, 5 which is required for endothelial nitric oxide production. 6 Thus, it has been suggested that calcium may move from activated smooth muscle cells (SMCs) to adjacent ECs, 5 leading to nitric oxide production. Whether similar smooth muscle-to-endothelium communications exist in the corpus cavernosum is presently unknown.
For in vitro studies, EC and SMC are most commonly cultured separately. However, it has been shown that such monocultures do not accurately represent in vivo conditions. 7, 8 For example, while SMCs are normally quiescent in the vessel wall, they are highly proliferative in monocultures. Thus, several strategies have been employed to better simulate in vivo situations, including coculture systems in which SMCs are cultured in the presence of ECs. In several studies, the EC-SMC coculture system has been shown to exhibit more physiologically relevant phenotypes in both the ECs and SMCs; for example, the SMCs reverse from a proliferative to a contractile phenotype. 9 Thus, the EC-SMC coculture system has proven valuable for vascular research.
In erectile dysfunction (ED) research, monocultures of cavernous ECs (CECs) and SMCs (CSMCs) have been reported, but a CEC-CSMC coculture system is still lacking. In the present study, we investigated the feasibility of setting up such a system and tested whether it can be used for diabetic ED research.
MATERIALS AND METHODS

Cell isolation
With approval from our institution's Committee on Human Research, human CSMCs and foreskin fibroblasts were isolated by explant culture as previously described, 10, 11 and human CECs were isolated by magnetic capture as detailed below.
Each cavernous tissue sample was minced into small pieces of about 1 mm, 3 and digested in a solution containing 9 ml of 0.1% collagenase II and 1 ml of dispase for 30 min at 37 1C with vigorously shaking. After the addition of 75 ml of 1 mg ml À 1 Dnase I, the digestion continued for another 30 min, followed by a 5-min incubation on ice and subsequent addition of 5 ml of Endothelial Growth Medium-2 (EGM2; Lonza Biologics, Inc., Portsmouth, NH, USA). The mixture was then filtered through a 100-mm cell strainer, followed by centrifugation at 400 g for 5 min at room temperature. The cell pellet was washed twice with phosphate-buffered saline (PBS), resuspended in 0.5 ml of EGM2, and incubated with anti-CD31 antibody (Abcam, Inc., Cambridge, MA, USA) for 45 min at 4 1C. Afterward, the cells were washed twice with EGM2 and resuspended in 80 ml of isolation buffer containing 2 mM EDTA and 0.5% bovine serum albumin in PBS, followed by the addition of 20 ml of anti-mouse IgG microbeads (Miltenyi Biotec, Auburn, CA, USA) and incubation at 4 1C for 15 min. The cell-microbeads mixture was then washed with isolation buffer, resuspended in 500 ml isolation buffer, and loaded onto the magnetic column (Miltenyi Biotec) pre-equilibrated with 3 ml of isolation buffer. After washing the column three times with 3 ml of isolation buffer each time, the target ECs were eluted with 5 ml of isolation buffer. Finally, the target cells were centrifuged and cultured in EGM2 supplemented with 20% fetal bovine serum.
Flow cytometry
CECs (6 Â 10 5 ) were fixed/permeabilized at room temperature for 10 min, washed with PBS twice, resuspended in 3% fetal bovine serum and aliquoted (1 Â 10 5 cells per 100 ml). Anti-CD31 (Abcam), anti-vWF (Abcam) or anti-eNOS (BD Biosciences, San Jose, CA, USA) antibody was added at 1 mg ml À 1 and each cell suspension incubated on ice for 2 h. The cells were then washed three times and incubated with secondary antibodies at 1: 500 for another 1 h on ice. After washing with PBS thrice, the cells were analyzed in a fluorescence-activated cell sorter (FACSVantage SE System; BD Biosciences). The raw data were further analyzed with FlowJo software (Tree Star, Inc., Ashland, OR, USA).
Low-density lipoprotein uptake
Cells were seeded into 6-well plates at 5 Â 10 4 cells per well in 3 ml of EGM2 and incubated at 37 1C. The next day, 10 mg ml À 1 of DiI-conjugated acetylated low-density lipoprotein (LDL) complex (DiI-AcLDL; Invitrogen Corp., Carlsbad, CA, USA) was added to the culture medium. The next day, after the medium was removed, the cells were washed three times with PBS, examined by phase-contrast and fluorescence microscopy, and photographed.
Matrigel-based capillary-like tube formation assay
The assay was initiated by coating a 12-well culture plate with 300 ml of growth factor-reduced Matrigel (BD Biosciences) per well. Approximately 1.5 Â 10 5 cells in 1 ml of EGM2 were then seeded into each well and incubated at 37 1C. Sixteen hours later, development of capillary-like networks was examined by phase-contrast microscopy and photographed.
EC-SMC coculture
Each 30-mm Millicell-CM culture insert (PICM03050; Millipore Corp., Bedford, MA, USA) was placed in a 6-well cell culture plate and coated with 700 ml of 10% human fibronectin (Sigma-Aldrich, St Louis, MO, USA) in serum-free DMEM overnight inside a cell culture hood with its laminar flow turned on. CSMCs (1 Â 10 5 ) were then seeded onto the fibronectin-coated insert in DMEM supplemented with 10% fetal bovine serum. Four days later, 2.5 Â 10 4 CECs were seeded on top of the previously seeded CSMCs but with the medium being substituted with EGM2. This CEC-CSMC coculture was then incubated for the indicated durations with replacement of the EGM2 every 3 days. As a negative cell control, human foreskin fibroblast was used in place of CSMCs.
EC-SMC coculture without direct contact
CSMCs (1 Â 10 5 ) were seeded in DMEM into each well of a fibronectincoated 6-well cell culture plate. Four days later, a 30-mm Millicell-CM culture insert was placed on top of the CSMC monolayer, followed by seeding 2.5 Â 10 4 CECs on the insert and incubation for 3 weeks with replacement of the EGM2 every 3 days.
High glucose treatment
After seeding CECs on CSMCs as described under EC-SMC coculture, the cocultures were incubated for 4 days, and then the medium was replaced with fresh EGM2 containing normal glucose (NG, 5 mM) or high glucose (HG, 25 mM). Three weeks later, the cocultures were analyzed by immunofluorescence staining.
Immunofluorescence staining
Cocultures were fixed with 4% paraformaldehyde, permeabilized with 0.05% Triton X-100 for 5 min, and blocked with 5% normal equine serum in PBS for 1 h at room temperature. The cocultures were then incubated with anti-CD31 and anti-calponin or anti-collagen IV (Abcam) antibody for 1 h at room temperature. After washing with PBS three times, the cells were incubated with Texas Red-conjugated anti-mouse IgG and/or FITCconjugated anti-rabbit IgG antibody for another hour at room temperature. After three washes with PBS, the cells were further stained with 4-,6-diamidino-2-phenylindole (for nuclear staining) for 5 min, examined by fluorescence microscopy and photographed.
Image analysis
Capillary diameter was determined by manually measuring each capillary branching point with a ruler in 50 randomly selected fields in NG-or HGtreated group at Â 1000 magnification. Expression of collagen-IV (Col-IV) or CD31 was determined by computerized densitometry (pixel numbers compiled from 10 randomly selected photographs of NG-or HG-treated group) using Image-Pro Plus 5.1 (Media Cybernetics, Silver Spring, MD, USA).
Statistical analysis
Data were analyzed with Prism 5 (GraphPad Software, Inc., San Diego, CA, USA) and expressed as mean ± s.e.m. for continuous variables. The continuous data were compared between the groups using one-way analysis of variance. The Tukey-Kramer test was used for post hoc comparisons. Statistical significance was set at Po0.05.
RESULTS
Establishment of human CEC and CSMC cultures
We have isolated both CECs and CSMCs from 18 non-diabetic patients, whose cavernous tissues were excised during penile prosthesis implantation. All 18 CEC isolates were nearly 100% pure ECs as determined by flow cytometric analysis for endothelial markers CD31, vWF and eNOS (Figure 1a) . Their endothelial phenotype was also affirmed by functional analyses, namely, LDL uptake and tube formation (Figure 1b) . In contrast, all CSMC isolates were positive for calponin, negative for CD31 and unable to uptake LDL or form tubular network (Figure 1b) .
ECs form capillary-like structures when cocultured with SMCs CECs and CSMCs isolated from the same patient were cocultured at ratios of 1:1, 1:4 and 1:9, and observed daily for 3 weeks. Immunofluorescence staining for endothelial marker CD31 and smooth muscle marker calponin showed that at 3 weeks CSMCs remained as monolayer while CECs formed capillary-like structures (Figure 2) . Based on the overall morphology of the capillary-like structures, that is, their number, shape and length, the ratio of 1:4 was chosen for all further experiments.
Formation of capillary-like structure requires direct contact between EC and SMC CECs and CSMCs isolated from the same patient were cocultured at ratio of 1:4 and examined at 1, 3, 7, 14 and 21 days by immunofluorescence staining. The results show that the formation of capillary-like structures was a consolidation process in which CECs (identified by CD31) along with their extracellular matrix (identified by Col-IV) gradually migrated toward each other and eventually organized into multicellular tubular structures (Figure 3 , top five rows). When the two cell types were separated by a porous membrane, formation of capillary-like network could not be completed as CECs' extracellular matrix (Col-IV stain) remained disorganized ( Figure 3, bottom row) .
Optimal formation of capillary-like structure requires autologous EC and SMC When CSMCs were replaced with human foreskin fibroblasts in the coculture, CECs contracted from the initial monolayer into discrete disc-shaped cell masses that were completely disassociated from Col-IV (Figure 4) . When CECs were cocultured with CSMCs that were isolated from a different patient, they formed capillary-like tubes that were larger in diameter and having greater curvature than those formed by CECs cocultured with autologous CSMCs (Figure 4 ). HG decreases CD31 expression but increases Col-IV expression When CECs and CSMCs were cocultured in medium containing HG (25 mM), capillary-like tubes were still formed, but their diameter was larger, and the expression of CD31 and Col-IV was reduced and increased, respectively, when compared with those that were formed in NG (5 mM) medium ( Figure 5 ).
DISCUSSION
To better simulate the in vivo cavernous endothelial/smooth muscle structure, we attempted to establish a CEC-CSMC coculture system. While we have extensive experience in culturing CSMCs as monocultures, we needed to demonstrate successful isolations of CECs. By adopting a recently published CD31-coated magnetic beads procedure, 12 we indeed isolated near-pure CECs as evidenced by their endothelial marker expression and functionality (LDL uptake and tube formation). We then tested several different cell combinations and culture conditions in an attempt to identify the optimal coculture condition and to characterize the coculture system. To accomplish these goals, we assessed how well CECs were able to form a capillary-like network as this is the hallmark of a successful EC-SMC coculture system in vascular research. 13 Thus, we have found that the direct contact between CECs and CSMCs was necessary, and a ratio of 1:4 in cell number between CECs and CSMCs and an incubation period of 3 weeks were ideal. We also found that the fibroblasts were unable substitute for CSMCs in supporting the formation of capillary-like structures by CECs, and allogeneic CSMC-CEC combination resulted in the formation of altered capillary-like structures.
Cavernous endothelial injury and dysfunction have been consistently identified in diabetic men with ED and in diabetic Figure 4 . Cocultures of human cavernous endothelial cells (CECs) with autologous or allogeneic cavernous smooth muscle cells (CSMCs) or with fibroblasts. CEC4 and CSMC4 were isolated from the same patient, CSMC3 was isolated from a different patient, and HFF (human foreskin fibroblast) was isolated from a different patient. CECs and their basement membrane were identified by immunofluorescence stain for CD31 and Col-IV, respectively. 4-,6-Diamidino-2-phenylindole (DAPI) stain identifies cell nuclei. animal models.
14 However, direct evidence that high blood glucose causes these conditions has been lacking. In the present study, we attempted to provide such evidence by using the CEC-CSMC coculture system. Specifically, previous studies have shown that CD31 was downregulated in the cavernous endothelium of diabetic animals. 15, 16 In the present study, we provide experimental evidence that HG was responsible for the reduced CD31 expression in the capillary-like structure. On the other hand, a previous study demonstrated increased Col-IV expression in the cavernous endothelium of a diabetic rat model. 17 In the present study, we showed that HG caused increased Col-IV expression in the capillary-like structure, and this finding is consistent with the well-documented increases of Col-IV expression in HG-treated vascular ECs 18 and endothelial basement thickening in diabetics. 19 Finally, it has been shown that diabetic patients have increased capillary diameter, 20 and this correlative observation can now be upgraded to a causative one as we showed that treatment of our coculture system with HG caused increased capillary diameter. Thus, while cavernous endothelial damage and dysfunction have been consistently observed in diabetic patients and animal models, the present study provides the experimental evidence for the casual effects of HG. Specifically, we demonstrated that HG caused downregulated CD31 expression, upregulated Col-IV expression and increased capillary diameter.
